Crystallographic properties of AlAs barriers in GaAsBi-based multi-quantum well structures grown on GaAs substrates by molecular beam epitaxy (MBE) and migration-enhanced epitaxy (MEE) were studied. The quantum wells were grown at temperatures ranging from 160 to 350 °C. The width of GaAsBi quantum wells varied from 4 to 20 nm. The optimization of technological parameters for the growth of high crystalline quality AlAs barriers at low temperatures was performed. To explore the impact of high temperature treatment on crystal quality, surface roughness and chemical composition stability, ex situ rapid thermal annealing was performed at 650-750 °C for 180 s in nitrogen ambiance. The structural quality of AlAs barriers, the morphology and sharpness of the interfaces between GaAsBi quantum wells and AlAs barriers were studied by high resolution X-ray diffraction, atomic force microscopy and high resolution transmission electron microscopy, respectively. In this study it was demonstrated that MEE allows one to achieve higher crystal quality of AlAs barriers at much lower temperatures in comparison to MBE. The blocking of Bi out-diffusion from the GaAsBi quantum wells toward the surface was shown for both MBE and MEE grown AlAs barriers.
Introduction
III-V semiconducting alloys containing a dilute amount of bismuth, namely, GaAsBi, are very attractive due to the large band-gap reduction with a relatively small Bi content. Substitution of As by Bi in the GaAs lattice produces a much larger reduction in the band gap (-60 to -80 meV/%Bi) [1, 2] than alloying by In (-12 meV/%In) and Sn (-20 meV/%). Also, Bi is the heaviest nonradioactive element; therefore, it has a large spin orbit splitting, which is useful for spin-based semiconductor devices. It is demonstrated in [3] that the GaAsBi layer containing more than 10% Bi grown on the GaAs substrate shows the photoluminescence (PL) at 1.5 µm wavelengths. Even longer PL wavelengths can be achieved for the quaternary GaInAsBi compound on the InP substrate [4, 5] . This feature makes bismides promising materials for applications in semiconductor lasers emitting at room temperature in the mid-infrared spectral range where the fundamental absorption bands of many molecular species are located.
The peculiarities of bismides growth are related to the strong tendency of Bi segregation, which leads to the formation of droplets on the surface. Consequently, under standard GaAs growth conditions (high substrate temperature ~600 °C and non-stoichiometric As-rich ambiance) Bi is not embedded in the GaAs lattice, but acts as a surfactant with associated improvements in surface quality. To incorporate Bi, growth temperatures below 400 °C and As 2 /Ga flux ratios close to unity are necessary. Despite the obtained achievements in optimization of technology, applications of bismides are held back by practical difficulties in growth of bulk layers and multi-quantum wells with larger than 6% Bi. Bi surface segregation in thick bismide layers leads to a final layered structure with several layers and different Bi content independent of substrate temperature and growth rate. In the case of quantum wells (QWs), the depletion of GaAs barriers occurs when the QW width is increased [6] . It is demonstrated in [6] that this process in GaAsBi/GaAs quantum well structures is assisted by strong and complex Bi surface segregation, implying both lateral and vertical mass transport.
Our previous investigations of GaAsBi layers and GaAs/GaAsBi multi-structures have shown that temperatures higher than 650 °C induce the movement of Bi and stimulate the enhancement of photoluminescence at wavelengths ranging from 1300 to 1500 nm [7, 8] . The high resolution transmission electron microscopy (HRTEM) study of the crosssection of GaAsBi QWs separated by GaAs barriers showed the Bi segregation process and distortion of the multi-QW (MQW) structure through complete vanishing of interfaces between wells and barriers [8] . Nevertheless, the sharp heterointerfaces and abrupt profiles are essential for the realization of quantum heterostructure devices. In order to obtain a highquality heterostructure, the segregation of Bi should be suppressed. The interdiffusion of compositional atoms was investigated at the heterointerface between a GaAs epilayer and a Ge(111) substrate by secondary ion mass spectroscopy [9, 10] . It is demonstrated that when a thin AlAs layer is applied initially, diffusion of Ge into the GaAs epilayer is suppressed effectively. An abrupt heterointerface was successfully realized. A detailed study [10] of a series of samples with various AlAs interfacial layer thicknesses discovered the effectiveness of the AlAs layer at relatively high temperature growth (about 650 °C). The authors demonstrated that the thickness of AlAs could be reduced to 10 nm without affecting its effectiveness in blocking the cross diffusion of Ge, Ga and As atoms between the layer and the substrate.
In this study we were focused on the growth and investigation of AlAs barriers in GaAsBi-based MQW structures for blocking of Bi segregation toward the surface. In our specific case the challenge was the adjustment and optimization of growth parameters of high crystalline quality AlAs barriers for low temperatures (LT) necessary to grow bismides containing more than 6% Bi. The structural properties of AlAs barriers were studied in detail. The main attention was paid to the impact of growth temperature, growth mode and barrier thickness on AlAs crystalline properties and the sharpness of interfaces between AlAs and GaAsBi. In situ high temperature annealing and ex situ annealing in a rapid thermal annealing oven were performed to investigate the crystal quality, surface morphology and chemical composition stability.
Growth of multi-quantum wells
GaAsBi/AlAs MQWs were grown using a SVT-A molecular beam epitaxy (MBE) reactor equipped with metallic Ga, Al, Bi sources and a two-zone cracker source to produce As 2 . The samples were grown by standard MBE growth and using migration-enhanced epitaxy. In the standard MBE during the growth, the flux of group III atoms is exposed contemporaneously with the flux of group V atoms. Meanwhile during migration-enhanced epitaxy (MEE), the atoms of group III and V are supplied in sequence: the group III atoms growing QWs and barriers are supplied on the As-free surface or at a minimized excess of arsenic. Under these conditions, Ga and Al atoms are expected to migrate along the surface and to find stable sites. The growth rate r g was determined by measurements of reflection high-energy electron diffraction (RHEED) intensity oscillations from the specular spot. The fluxes of group III (where III = Ga and Al) and V (V = Bi and As) were calculated from the formulae taken from Ref. [11] 
. (2) d in Eq. (1) is the lattice constant of GaAs or AlAs crystals, P, T, M and η in Eq. (2) are, respectively, the beam-equivalent pressure (BEP), metallic source temperature, molecular mass, and the ionization efficiency relative to nitrogen. The optimization of AlAs MEE growth parameters, such as t Al and t As , the time of element supply, and t pause , the pause for migration of Al on the surface, was carried out at low temperatures ranging from 160 to 350 °C. For MQW growth by MEE the process optimized for GaAsBi with 7% Bi content was used. A detailed study of Bi incorporation into GaAs using various sequences of Ga, As and Bi supply was analysed and described in our previous work [12] . The growth of MQW was performed at the substrate temperatures from 160 to 350 °C. The substrates were semi-insulating GaAs wafers oriented in the (100) plane. Figure 1 represents the sketch of the multi-quantum well structure and the substrate temperature diagram during the growth by MBE and MEE. In both types of heterostructures -grown by MBE and MEE -a semi-insulating GaAs (100) substrate was buffered by the high-temperature GaAs (thickness of about 100 nm) and the first high-temperature AlAs barrier (thickness ~20 nm) using usual MBE. Then the growth was interrupted for substrate temperature decrease. The number of GaAsBi quantum wells ranged from two to five. QWs were separated by AlAs barriers. The width of quantum wells varied from 4 to 20 nm, the AlAs barrier width was set to 10 and 20 nm. For the MBE growth mode both cladding and internal AlAs barriers were grown at 600 °C, meanwhile MEE of AlAs barriers was performed at the QW growth temperature (see the temperature diagrams for MBE and MEE growth modes on the right side of Fig. 1 ). Finally, all structures were covered by a 5 nm-thick GaAs capping layer. A part of samples was covered by a GaAs cap at low temperature, the second part of heterostructures was overgrown at 600 °C. The content of Bi in QWs was about 4 and 7% growing by MBE and MEE, respectively.
High temperature treatment was performed in a rapid thermal annealing (RTA) oven in the temperature range 650-750 °C for 180 s in the nitrogen ambiance. As-grown structures were covered by the GaAs wafer to saturate by an arsenic heating chamber and to prevent As losses from the surface layer.
Technological parameters of the investigated MQW samples are presented in Table 1 .
Results and discussion

Structural characterization
The quality of the crystal structure, the sharpness of the interfaces between GaAsBi QWs and AlAs barriers and the content of Bi in GaAsBi quantum wells were determined by measuring high-resolution X-ray diffraction (HRXRD). HRXRD ω-2θ scans were measured using a SmartLab diffractometer (Rigaku) with a monochromatic CuKα X-ray source. Figure 2 shows the HRXRD ω-2θ scans of the (002) reflex measured for the 5×{GaAsBi/AlAs} QW structure (sample B633) as-grown (Fig. 2(a) ) by MBE and annealed ( Fig. 2(b) ). The apparent Pendellösung fringes in Fig. 2(a) demonstrate the epitaxial growth of the structure with very sharp interfaces between the layers even at 200 °C growth temperature. The width of GaAsBi QWs and AlAs barriers evaluated from the XRD scan simulation (grey curve in Fig. 2(a) ) was 4 and 20 nm, respectively. As a consequence of the high temperature (HT) treatment at 750 °C (measurement represented by a black curve in Fig. 2(b) ), the increase of intensity and a slight shift of the reflex from GaAsBi QWs towards GaAs suggest improvement of the crystal quality of the quantum well and an insignificant decrease Figure 3 illustrates the surface morphology of the GaAs capping layer of the MQW structure grown by MBE at 350 °C temperature and then capped at 600 °C (Fig. 3(a) is sample B631); Fig. 3(b) presents the surface of MEE grown at the 160 °C GaAs cap (sample B638). MBE grown GaAsBi MQWs with AlAs barriers deposited at the same temperature or at 600 °C demonstrated very smooth surfaces. The surface roughness of these samples was about few tens of nanometre. It should be noted that several MBE grown samples (with larger Bi content) demonstrated some crystal features on the surface of the GaAs cap -pits in height of about 5-10 nm (see Fig. 3(a) ), related to the lack of As during the growth of LT-AlAs; this could mean that the MBE growth of AlAs at low temperatures is more sensitive to the As flux than using MEE. On the other hand, the morphology of structures grown by MEE at significantly lower temperatures (160-200 °C) showed the multidispersive crystal quality of the GaAs cap. The surface roughness of the capping GaAs layer was higher for the MEE grown structure but not exceeded of the Bi content in the lattice. Moreover, one can see from Fig. 6(b) that the HT annealing procedure does not destroy the sample; the visible fringes point to a layered structure with the same QW and barrier width. The small reduction of Bi content in the GaAsBi quantum well and the sharp interfaces allow us to suppose that AlAs grown at low temperature using MEE acts as a Bi blocking layer.
Surface morphology
The surfaces of samples were investigated by a scanning probe microscope (SPM) Dimension 3100/Nanoscope IVa (Veeco Metrology Group). Images were acquired in the tapping mode using TESP-V2 (Bruker) probes with a tip curvature about 8 nm. 1 nm. After annealing at 750 °C for 180 s the AFM images of both MBE and MEE grown samples demonstrated a droplets-free surface supporting the hypothesis that AlAs barriers stop the Bi out-diffusion from the QW.
Raman spectroscopy investigation
Raman spectra were recorded using an inVia Raman (Renishaw, United Kingdom) spectrometer equipped with a thermoelectrically cooled (−70 °C) CCD camera and a microscope. The samples were excited with 532 nm radiation from a diode-pumped solid-state laser. 50 × 0.75 NA objective lens and 1800 lines/mm grating were used to record the Raman spectra. The accumulation time was 400 s. To avoid damage of the sample, the laser power was limited to 0.06 mW. The Raman frequencies were calibrated using the silicon standard according to the line at 520.7 cm −1 . Parameters of the bands were determined by fitting the experimental spectra with Gaussian-Lorentzian shape components using the GRAMS/A1 8.0 (Thermo Scientific) software.
The analysis of the Raman spectra measured for both MBE and MEE grown MQWs revealed an intense doublet at 269 and 290 cm -1 attributed to transverse optical (TO) and longitudinal optical (LO) phonon modes of the GaAs-like structure, respectively, as well as a sharp LO mode at 402 cm -1 from AlAs barriers [13] [14] [15] [16] [17] . The samples showed the Bi-induced disorder in the crystal activating the band near 269 cm -1 and two other broad Bi-induced vibrational modes visible near 227 and 181 cm -1 . After annealing, the changes at low frequency bands at 72 and 96 cm -1 were explained by formation of crystalline bismuth nanoparticles. Moreover, the Raman spectra of MBE grown samples with LT-AlAs barriers (see Fig. 4(a) , sample B652) and annealed ones (Fig. 4(b) ) revealed a different effect of annealing on the crystalline structure of AlAs barriers compared to the MEE grown sample (not presented in this paper). AlAs barriers in the MBE as-grown sample can be recognized from the medium-intensity unresolved band near 400 cm -1 which belongs to the LO vibrational mode (Fig. 4(a) ). The defect-induced TO mode of AlAs is visible near 362 cm -1 . It is interesting that the intensity of AlAs modes in the MBE grown sample dramatically increases after annealing, meanwhile the changes in the Raman spectrum of MEE grown AlAs are negligible. In addition, the frequency of the LO mode decreases from 400 to 388 cm -1 indicating considerable structural changes within the AlAs layers, meanwhile the intensities of GaAs and Bi-induced vibrational modes remain unchanged. The increase in Raman intensity might be associated with the improved crystalline order in MBE LT-grown AlAs barriers.
HRTEM investigation
The high-resolution microstructure and chemical composition of as-grown and annealed MQWs were measured using a FEI Tecnai G2 F20 X-TWIN TEM with the STEM module, associated with an X-ray energy dispersive spectroscopy (EDS) detector for elemental mapping and a high angle annular darkfield (HAADF) detector for Z-contrast imaging. A FEI Helios Nanolab 650 dual beam microscope equipped with an Omniprobe manipulator was used to prepare specimens in order to analyse the crosssectional microstructure of MQWs. The focused ion beam microscope was operated with a 5 kV electron beam and a 30 kV Ga + ion beam. To protect the sample from an incident ion beam bombardment, a platinum protection cap of approximately 2 µm thickness was deposited on the surface by DC sputtering.
The corresponding EDS elemental mapping results obtained for the GaAsBi-based heterostructure as-grown by MEE and annealed at 750 °C, containing a 20 nm-thick single quantum well sandwiched between 20 nm AlAs barriers (sample B675) presented in Fig. 5 . The rectangular frame on the HAADF Raman intensity image of the cross-section demonstrates the area of X-ray energy dispersive spectra measurements. Various colours (yellow corresponds to Ga, red is Al, green is As, and violet is Bi) in EDS elemental mapping represent different chemical elements -Ga, Al, As, and Bi -in the studied field. From the analysis of histograms it follows that sharp interfaces between GaAsBi QWs and AlAs barriers are obvious for both as-grown (Fig. 5(a) ) and annealed ( Fig. 5(b) ) MQWs. No traces of Bi segregation through the top barrier are visible in the pictures. The aggregation of bismuth atoms to nano-scale particles in the QWs, shown in Fig. 5(b) , shows that the upper AlAs barrier acts like a blocking layer for out-diffusion of Bi. Similar results of HRTEM investigation were obtained for MBE grown heterostructures. Figure 6 shows the cross-sectional HRTEM bright field images of the GaAsBi quantum well and the crystalline AlAs barrier on the top with the corresponding fast Fourier transform (FFT) diffractograms on the right side obtained for the heterostructure asgrown by MEE (a) and annealed at 750 °C (b). A guide for the eye, the interface between the QW and barrier is marked by a dotted line. It can be deduced from the images that both the quantum well and the barrier exhibit epitaxial growth. Moreover, the less dispersive background of the electron diffraction FFT image shows the higher crystalline order of AlAs after annealing, and gives us an additional confirmation of epitaxial growth of barriers at extremely low temperature. 
Conclusions
The GaAsBi-based multi-quantum well structures with AlAs barriers were grown on GaAs substrates by molecular beam epitaxy and migration-enhanced epitaxy. The growth of MQW structures was performed at substrate temperatures from 160 to 350 °C. The substrates were semi-insulating GaAs wafers oriented in the (100) plane. The width of GaAsBi quantum wells varied from 4 to 20 nm. The optimization of technological parameters for the growth of high crystalline quality AlAs barriers at low as well as at high temperatures was performed. Ex situ rapid thermal annealing was performed for all samples at 750 °C temperature for 180 s in nitrogen ambience. It was demonstrated by HRXRD measurements that MEE allows one to achieve higher crystal quality of AlAs barriers at much lower temperatures (160-200 °C) in comparison to MBE (200-350 °C). The study of samples by Raman spectroscopy revealed that the intensity of AlAs modes dramatically increased after annealing of MBE grown MQWs, thus leading to the improved barrier crystal quality. The HRTEM EDS elemental mapping showed the blocking of Bi out-diffusion from the GaAsBi quantum well toward the surface for both MBE and MEE grown MQWs with AlAs barriers.
